Compelled activation of Ca
2þ signaling by exposure of zds1Á strain Saccharomyces cerevisiae cells to external CaCl 2 leads to characteristic physiological consequences such as growth inhibition in the G 2 phase and polarized bud growth. Screening of microbial metabolites for activity alleviating the deleterious physiological effects of external CaCl 2 identified the Hsp90 inhibitor radicicol as an inhibitor of Ca 2þ -signal-dependent cellcycle regulation in yeast. Radicicol alleviated analogous physiological effects due to the expression of a constitutively active form of calcineurin or overexpression of Swe1, the negative regulatory kinase of the Cdc28-Clb complex. Western blot analysis indicated that radicicol inhibited Ca 2þ -induced accumulation of Swe1 and Cln2.
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The calcium ion (Ca 2þ ) is a universal second messenger that plays key regulatory roles in numerous biological processes in eukaryotic organisms. In yeast, when zds1Á strain Saccharomyces cerevisiae cells are grown in a medium containing high concentrations of CaCl 2 (70-200 mM), cellular Ca 2þ signaling is hyperactivated due to elevation of cellular Ca 2þ , and this eventually leads to severe growth inhibition. 1) Growth inhibition is accompanied by characteristic physiological alterations, such as G 2 cell-cycle arrest and polarized bud growth. 1) Cell-cycle arrest is due to inhibition of the Cdc28-Clb complex, the cell-cycle engine in the G 2 phase, through the activation of Swe1, the negative regulatory kinase of Cdc28-Clb. 1) Elevated cytosolic Ca 2þ levels lead to activation of parallel pathways, calcineurin and the Mpk1 MAPK cascade, which coordinately activate Swe1 at the transcriptional and post-translational levels respectively. Both these pathways appear to be required for Ca 2þ -dependent growth regulation, because defect in either of these pathways alleviates the deleterious effects of external CaCl 2 .
1) Ca 2þ -induced elevation of the Cln2 level is important for polarized bud growth.
2) The mechanisms of Ca 2þ -dependent regulation of the cell cycle and morphogenesis in yeast were reviewed recently. 3) Based on Ca 2þ -signal-dependent growth regulation in yeast, we have developed a unique drug-screening procedure, by which small-molecule inhibitors of Ca 2þ -dependent growth regulation can be detected by their growth-promoting effect on the compromised cell growth of the Ázds1 strain due to excess CaCl 2 (designated positive screening).
3) The Ca 2þ -signaling pathways for growth regulation are comprised of several evolutionally conserved signaling molecules that include calcineurin, Pkc1 protein kinase C, the components of the Mpk1 MAPK cascade, and its genetic downstream component Mck1 (a GSK-3-family protein kinase). These molecules, together with still unidentified signaling molecules of the pathway, are potential targets of active substances that are detectable by positive screening. [1] [2] [3] [4] [5] Small-molecule inhibitors of Ca 2þ signaling are of great medicinal importance, since Ca 2þ signaling in mammalian cells plays pivotal roles in the regulation of diverse cellular processes, including T-cell activation, secretion, motility, apoptosis, and so on. In fact, the calcineurin inhibitors FK506 and cyclosporine A are widely used as potent immunosuppressants. Moreover, cell-cycle inhibitors have potential as anti-cancer agents. Since many small-molecule inhibitors elicit their phys-iological effects from the eukaryotic cells through common mechanisms from yeast to mammalian cells by inhibiting evolutionally conserved target molecules, yeast-based drug screening procedures are a convenient and powerful means of drug discovery. Using the yeastbased positive drug-screening procedure, we searched for inhibitors of Ca 2þ signaling from culture broths derived from various microorganisms isolated from the natural environment. Among several active samples, radicicol, an inhibitor of Hsp90, was found to be the active principle in three of the independently obtained active samples. To evaluate the positive drug-screening system, we investigated the mechanism by which radicicol suppressed Ca 2þ -dependent phenotypes of the zds1Á strain yeast.
Materials and Methods
Strains, media, chemicals, and growth conditions. All the yeast strains were derivatives of strain W303. The strains used in this study were the following: DHT22-1b (MATa trp1 leu2 ade2 ura3 his3 can1-100 W303-1A, a gift of Dr. R. Rothstein); YAT1 (MATa zds1::TRP1, Mizunuma et al., 1998); YNS17 (MATa zds1::TRP1 erg3::HIS3 pdr1::hisG URA3 hisG pdr3::hisG); YRC1 (MATa GAL-CMP2ÁC::URA3 zds1::TRP1 erg3::HIS3 pdr1::hisG pdr3::hisG); YRC2 (MATa swe1::GAL-SWE1-HA::URA3 zds1::Gen r erg3::HIS3 pdr1::hisG pdr3::hisG TRP1); YRC3 (MATa swe1::HIS3::SWE1-9xMyc::URA3 CLN2-3xHA::LEU zds1::Gen r erg3:: HIS3 pdr1::hisG pdr3::hisG TRP1). Radicicol was purchased from Sigma (St. Louis, MO). The media used were as described previously. 1, 5) Assay procedures for positive drug screening. Screening was performed by halo assay on a yeast extractpeptone-dextrose (YPD) soft-agar plate containing 150 mM of CaCl 2 and 2:4 Â 10 6 YNS17 assay cells (8 ml/ Petri dish) by spotting ethanol solutions of the test samples on an agar plate using a sample applicator (48 samples per plate). 4) For semi-quantitative assay of the active substances, the samples were dissolved in ethanol, and a 5-ml aliquot was spotted on the surface of the agar plate. A halo of growth zone that appeared around the spot of active samples was observed after 2 d of incubation at 30 C. The growth-promoting effect of the active samples was also examined in liquid culture in YPD medium containing 100 mM CaCl 2 and assay cells by monitoring the cell density with a Bio-Photorecorder (Toyo Engineering Works, Tokyo).
Fluorescence-activated cell-sorting (FACS) analysis. The DNA content of propidium iodide (PI)-stained cells was analyzed by FACSCalibur (Becton, Dickinson, Franklin Lakes, NJ), as described previously. 6) Immunoblot analysis. The cellular levels of the Swe1 and Cln2 proteins and phosphorylation levels of Cdc28 were determined by Western blot analysis. The procedures for the preparation of cell extracts, immunoprecipitation, and immunodetection were as described previously, except that cell extract was prepared by boiling harvested cells for 5 min in SDS-sample buffer without previous glass-bead disruption of the cells. 6) For precipitation and detection of HA-and Myc-tagged proteins, Cdc28, and phosphorylated Cdc28 (Tyr19), monoclonal antibodies 12CA5 against HA-epitope (Berkeley Antibody Co., Richmond, CA) and 9E10 against Myc epitope (Berkeley Antibody Co., Richmond, CA), anti-PSTAIRE antibody (Santa Cruz Biotechnology, Santa Cruz, CA), and anti-phospho-cdc2 (Tyr15) antibody (Cell Signaling Technology, Danvers, MA) respectively were used.
-Galactosidase assay. The zds1Á strain, carrying a plasmid-born construct (pKC190) with a LacZ reporter driven by four tandem copies of the calcineurin-dependent response element (CDRE), was incubated in YPD medium containing 100 mM CaCl 2 with 9 mM radicicol or 1 mM MgCl 2 as a control for 1.5 h, and -galactosidase activity was measured.
7)

Results
Radicicol alleviates deleterious effects of external CaCl 2 on zds1Á strain yeast
In search of microbial metabolites that inhibit Ca 2þ -mediated growth regulation in yeast, a screening was performed using the positive screening procedure from about 8,000 culture broths of various isolates of fungi and actinomycetes. 8) The active principles of the samples were isolated and their structure was determined. Among several active substances identified, radicicol, an antifungal metabolite of 14-membered macrolide originally isolated from Monosporium bonorden, 9) was identified in three of the active samples. The effects of radicicol on the Ca 2þ -dependent growth regulation of zds1Á strain yeast, such as growth inhibition, cell-cycle arrest, and polarized bud growth, were examined ( Fig. 1) . To increase the sensitivity of the detection of radicicol by the assay cells, a zds1Á strain on a erg3Á pdr1Á pdr3Á genetic background (strain YNS17), and its derivatives, in which the genes involved in pleiotropic drug resistance and an enzyme of ergosterol synthesis had been deleted, were used throughout this study. The Ca 2þ sensitive YNS17 strain failed to grow on a YPD soft-agar plate containing 150 mM of CaCl 2 . However, when 0.125 nmole of radicicol in 5 ml ethanol were applied on the plate, a distinct halo zone appeared after 2 d of incubation around the spot where radicicol was applied, showing that radicicol rescued the compromised cell growth (Fig. 1A, spot 2) . When a 4-fold amount of radicicol (0.5 nmole in 5 ml ethanol) was applied similarly, a larger doughnut-like halo was formed, containing a blank zone in the center of the halo (Fig. 1A, spot 3 ), suggesting that radicicol inhibits cell growth at high concentrations. Thus radicicol appeared to rescue Ca 2þ sensitivity only in a limited range of concentrations. The growth-promoting and cytotoxic effects of radicicol were confirmed in liquid-cultured cells growing in YPD medium containing 100 mM of CaCl 2 . Although radicicol (0.5 mM) on its own exhibited only a weak toxic effect on cell growth in YPD medium, it significantly promoted the compromised cell growth when added to a cell culture in YPD medium containing 100 mM of CaCl 2 (Fig. 1B) . A similar effect was observed with 1 mM radicicol, but the positive growth effect disappeared at higher concentrations (e.g., 5 mM), presumably due to its cytotoxic effect (data not shown). Ca 2þ -dependent growth inhibition in yeast is accompanied by polarized bud growth and cell-cycle arrest in the G 2 phase. 1, 3) In the absence of radicicol, about 50% of the cells grown in the medium containing 100 mM of CaCl 2 formed an elongated bud in 6 h of cultivation. In the presence of radicicol, the percentage of cells with the characteristic morphology was diminished to about 20% (Fig. 1C) . Moreover, the Ca 2þ -induced elongated buds formed in the presence of radicicol were shorter than those formed in its absence (Fig. 1C) . The effect of radicicol on Ca 2þ -induced cell-cycle arrest was determined by FACS analysis of PI-stained cells grown in liquid YPD medium containing CaCl 2 . The G 2 arrest caused by external Ca 2þ was partially suppressed by 0.4 mM of radicicol ( Fig. 1D ) (see ''Discussion'' below). Taken together, these results suggest that all of the Ca 2þ -induced effects were partially alleviated by radicicol.
Radicicol does not affect external CaCl 2 -dependent elevation of the cellular Ca 2þ level The effect of radicicol on the Ca 2þ -induced phenotypes might be due to inhibition of elevation of the cellular Ca 2þ level. To test this possibility, we estimated cellular Ca 2þ levels by measuring the Ca 2þ /calcineurin/ Crz1-dependent activation of a reporter gene. In the presence of external CaCl 2 , calcineurin is activated by elevation of the cellular Ca 2þ level, and it in turn activates the Crz1 transcription factor, which activates the transcription of several genes required for adaptation to stress due to high Ca 2þ levels, such as the PMR1 and PMC1 genes encoding the membrane Ca 2þ pumps responsible for cellular Ca 2þ homeostasis. In response to elevation of the cellular Ca 2þ level, Crz1 binds to CDRE in the promoter region of the stress-responsive target genes. The CDRE-driven LacZ reporter gene is activated in response to external CaCl 2 (100 mM). 7) We measured -galactosidase activation in the cells incubated with 100 mM CaCl 2 in the presence and absence of radicicol. In a control experiment, we added 1 mM of MgCl 2 , which inhibits the external CaCl 2 -dependent activation of the reporter gene by unknown mechanism (Koga, unpublished result). As shown in Fig. 2 , even high concentrations of radicicol (e.g., 9 mM), higher than those required to suppress the physiological effects of Ca 2þ , showed no significant effect on -galactosidase activity, suggesting that the cytosolic Ca 2þ level is not influenced by the inhibitor, and that radicicol inhibited the Ca 2þ signal-mediated cell-cycle regulation at a step following elevation of the cytosolic Ca 2þ concentration. 
Radicicol alleviates the deleterious effects of the constitutively active variant of calcineurin
The calcineurin-dependent pathway in yeast is activated by expressing a GAL1 promoter-driven, C-terminally deleted, constitutively active form of the calcineurin catalytic subunit (Cmp2ÁC) in YPGal (galactose) medium.
10) The physiological consequences of the compelled activation of calcineurin by this procedure mimics those induced by external CaCl 2 . 4) To investigate the effect of radicicol on physiological changes caused by genetic activation of calcineurin, we constructed a strain containing a chromosomally integrated, GAL1 promoter-driven construct for the constitutively active form of the calcineurin catalytic subunit on the zds1Á erg3Á pdr1Á pdr3Á background (the YRC1 strain). Using this strain, we examined to determine whether radicicol can suppress deleterious effects due to the activation of calcineurin in galactose medium. First, to see whether radicicol inhibits GAL1 promoter-driven gene expression per se, we compared the effect of radicicol on the growth of the YRC1 strain on a plate containing yeast-peptone plus galactose or glucose as the carbon source. The cells did not show increased sensitivity to the drug on the galactose plate, suggesting that GAL1 promoter-driven gene expression was not inhibited by radicicol (data not shown). The physiological effects induced in YPGal medium, such as growth inhibition, polarized bud growth, and G 2 cellcycle delay, were all partially alleviated by radicicol (Fig. 3A-C) . In this experiment, high concentrations of radicicol (0.8-1 mM) were required in comparison with that (0.5 mM) induced by external CaCl 2 , presumably because the effect of expressing the Cmp2ÁC construct was more potent than external CaCl 2 in inducing physiological changes. These results suggest that radicicol inhibited Ca 2þ signaling at a step downstream of calcineurin.
Radicicol alleviates the deleterious effects of SWE1 gene overexpression
In Ca 2þ -dependent G 2 cell-cycle regulation, calcineurin-mediated transcriptional activation of the SWE1 gene is important in the inhibition of the Cdc28-Clb2 complex. The inhibition is mediated by the Swe1-dependent phosphorylation of Cdc28 at Tyr-19. To examine the effect of radicicol on physiological changes induced by SWE1 overexpression, we constructed a strain (the YRC2 strain) on the zds1Á erg3Á pdr1Á pdr3Á background, in which SWE1 gene can be expressed under control of the GAL1 promoter. It has been demonstrated that overexpression of SWE1 gene leads to physiological consequences apparently analogous to those induced by external CaCl 2 or by expressing a Cmp2ÁC construct in the WT (SWE1) strain. 1, 3) As shown in Fig. 4A , a halo of growth zone was formed around the spot where 1 nmole of radicicol was applied on YPGal solid medium, suggesting that growth defect due to Swe1 overexpression was alleviated by radicicol. In liquid cultures in galactose medium, radicicol showed a significant growth-promoting effect on compromised cell growth (Fig. 4B) . Under these conditions, percent- 
Inhibition of Ca
2þ -Dependent Cell-Cycle Regulation by Radicicolage of cells with an elongated bud in liquid YPGal medium was diminished from 74% to 33% by radicicol, and elongated buds formed in the presence of radicicol were shorter than those of the control (Fig. 4B) . We also examined the effect of radicicol on the cellular content of DNA by FACS analysis. Radicicol significantly suppressed the cell-cycle delay caused by Swe1 overexpression in galactose medium (Fig. 4D) .
Radicicol inhibits Ca
2þ -dependent accumulation of Cln2 and Swe1 proteins Ca 2þ -induced physiological consequences such as growth inhibition, cell-cycle arrest, and polarized bud growth are due to transcriptional activation of the SWE1 and CLN2 genes. The effects of radicicol on Ca 2þ -dependent elevation of the Swe1 and Cln2 protein levels were determined by Western blot analysis of cells treated with CaCl 2 . For this experiment, we constructed a strain containing chromosomally integrated constructs for Myc-tagged Swe1 and HA-tagged Cln2 on the zds1Á erg3Á pdr1Á pdr3Á background (the YRC3 strain). We determined the Swe1 and Cln2 protein levels of the YRC3 cells, after a shift to a medium containing 70 mM CaCl 2 in the presence and absence of radicicol. In a parallel experiment, to measure the Swe1-catalyzed Tyr19-phosphorylation of Cdc28, its phosphorylation level was determined with anti-phospho-cdc2 (Tyr15) antibody. As shown in Fig. 5 , the accumulation of Swe1 and Cln2 proteins was diminished by radicicol, more rigorously with Swe1. Consistently with the inhibition of Swe1 accumulation and the phenotypic suppression of Ca 2þ -induced G 2 cell-cycle arrest by radicicol, Ca 2þ -induced Tyr19 phosphorylation of Cdc28 was inhibited (Fig. 5) .
Discussion
To characterize the positive drug-screening system, we investigated the mechanism by which radicicol suppressed various physiological consequences induced by external CaCl 2 . The purpose of this effort was to identify the radicicol-sensitive step in Ca 2þ -signaldependent growth regulation. Radicicol, as a nucleotide mimic, was found to bind to the nucleotide-binding pocket of Hsp90 and to inhibit its ATPase activity. [11] [12] [13] Hsp90 is a ubiquitous chaperon that is conserved from yeast to mammals. Hsp90 catalyzes the final activation step of various regulatory proteins. Inhibition of Hsp90 by radicicol in mammalian cells causes the destabilization of various Hsp90 client proteins, such as v-Src, Raf-1, ErbB2, and Ras, which are essential for the growth of tumor cells. Inhibition of Hsp90 is responsible for the biological responses of the transformed cells to radicicol, such as reversal of the transformed morphologies. 14, 15) Radicicol inhibits Hsp90 homologs in yeasts as well. 16, 17) In S. cerevisiae, Hsc82 is an ortholog of mammalian Hsp90. The substrates for Hsc82/Hsp90 in S. cerevisiae so far identified include the mating signaling component Ste11, the transcription factor Hap1, and protein kinases Gcn2 and Swe1. [18] [19] [20] Of these proteins, the physical interaction of Swe1 and Hsc82/Hsp90 has been demonstrated in vitro, 16) but the physiological significance of the inhibition of protective interaction of Hsc82/Hsp90 and Swe1 by radicicol is not yet clear. Here, we found that the Ca 2þ -dependent accumulation of Swe1 and Cln2 proteins was diminished by radicicol. These effects of radicicol are consistent with the inhibition of the phosphorylation of Cdc28 and the suppression of various deleterious physiological effects of external CaCl 2 by the inhibitor. Since Swe1 is known as a substrate of Hsc82/Hsp90, 16) it appears most likely that inhibition of the chaperon by radicicol caused destabilization of Swe1 and consequently inhibited Ca 2þ -induced Swe1 accumulation, and thereby inhibited the Swe1-mediated phosphorylation of Cdc28 (Fig. 5) . In the presence of radicicol, the Swe1 protein, deprived of protective interaction with Hsc82/Hsp90, is likely to become a target of the proteolytic machinery in the cytoplasm. In fact, in the course of our experiments as shown in Fig. 5 , we noted that reproducible detection of Swe1 protein by Western blotting was difficult as compared to other proteins, including Cdc28 and Cln2, suggesting that Swe1 is a particularly unstable protein in vivo. We found that rapid boiling of radicicol-treated cells in SDS sample-buffer without previous cell disruption (e.g., by glass-bead treatment) was a key to reproducible detection of Swe1.
In Ca 2þ -dependent regulation of the cell cycle, we found in a previous study that the protein level of Cln2 was elevated by external CaCl 2 , apparently similarly to that of Swe1, 2) and that Ca 2þ -induced accumulation of Cln2 and Swe1 were inhibited by radicicol similarly (Fig. 5) . Although the Cln2 protein has not been shown to be a client protein of Hsc82/Hsp90, the present results suggest that Ca 2þ -induced Cln2 accumulation is also Hsc82/Hsp90-dependent.
The effect of radicicol in suppressing the G 2 delay induced by external CaCl 2 was less prominent than its effect on the apparently similar changes induced by the constitutively active form of calcineurin or the overexpression of Swe1 (compare Fig. 1D with Fig. 3C and Fig. 4D ). The less prominent effect of radicicol than of constitutively active form of calcineurin and the overexpression of Swe1 suggests the presence of an additional, Swe1-independent mechanism in inducing the G 2 delay by external CaCl 2 .
Recently, it was found that radicicol rescued the growth of S. cerevisiae cells whose growth had been compromised by overexpression of Ste11, the MAP kinase of the pheromone signaling pathway. 21) Since Ste11 is also an endogenous substrate of Hsc82/ Hsp90, 18) the mechanism by which radicicol suppresses the growth defect caused by Ste11 overexpression might be analogous to that caused by Swe1 overexpression.
In fission yeast, it has been found that radicicol binds to Swo1, an Hsp90 ortholog of fission yeast, and that an increase in Swo1 expression suppressed the radicicolinduced morphological abnormality of several cell-cycle mutants that exhibited super-sensitivity to radicicol. 17) In this case, the Swo1/HSP90 of fission yeast was perhaps served as a molecular chaperon maintaining the active protein conformation of certain temperaturesensitive cell-cycle regulators. 17) Our studies have shown that Hsc82/Hsp90 inhibitors can be detected by the yeast-based positive drugscreening system. We further found that radicicol suppressed Ca 2þ -signal-mediated growth regulation by inhibiting the Ca 2þ -induced Swe1 accumulation, which occurs in a manner dependent on functional Hsc82/ Hsp90. Since the inhibitors of mammalian Hsp90 are potential anti-cancer drugs, this finding provides additional support to the positive screening system in drug discovery. The YRC3 strain which contains chromosomally integrated constructs for Swe1-9xMyc and Cln2-3xHA on the zds1Á erg3Á pdr1Á pdr3Á background (YRC3 strain), was cultivated in YPD medium containing 70 mM of CaCl 2 in the absence or presence of 1 mM of radicicol at 28 C. Samples were taken at the indicated times after the addition of CaCl 2 , and proteins were resolved by SDS-polyacrylamide gel electrophoresis and then detected by Western blot analysis using monoclonal antibodies against Myc and HA and antibody against phospho-cdc2 (Tyr15). Cdc28 protein was detected with anti-PSTAIR antibody for internal loading control.
